Abstract. Angiotensinogen (AGT) has been shown to have a role in cardiac hypertrophy, while depletion of the AGT gene in spontaneously hypertensive rats (SHR) has not been investigated. The present study investigated the effect of AGT knockdown on cardiac hypertrophy in SHR. For this, small hairpin (sh)RNAs were intravenously injected into SHRs, using a nanoparticle-mediated transfection system. The experimental rats were divided into the following groups: a) Blank control with water treatment only, b) negative control with biscarbamate-crosslinked Gal-polyethylene glycol polyethylenimine nanoparticles (GPE)/negative shRNA, c) AGT-RNA interference (RNAi) group with GPE/AGT-shRNA, and 4) normotensive control using Wistar-Kyoto rats (WKY) with water treatment. Three and five days following the first injection, the levels of hepatic AGT mRNA and AGT protein as well as plasma levels of AGT were markedly decreased in the AGT-RNAi group (P<0.05). Furthermore, a significant decrease in systolic blood pressure (SBP), left ventricular weight to body weight ratio and heart weight to body weight ratio were observed in the AGT-RNAi group compared with those in the control groups. The depletion of AGT in SHR led to a reduction in SBP by 30±4 mmHg, which was retained for >10 days. Cardiac hypertrophy was also significantly improved in AGT-knockdown rats. In conclusion, the present study showed that AGT-silencing had a significant inhibitory effect on hypertension and hypertensive-induced cardiac hypertrophy in SHRs.
Introduction
Hypertension, a leading risk factor for cardiovascular diseases (1) , occurs in ~50% of aged individuals (2) . It has been reported that long-term hypertension is associated with cardiac hypertrophy (3) . High blood pressure is associated with the aberrant expression of genes, including angiotensinogen (AGT), which has an important role in the pathogenesis of hypertension (4) (5) (6) . AGT is secreted by the liver and sequentially cleaved by renin and angiotensin I-converting enzyme (7, 8) . This results in production of an active hormone, angiotensin II, which induces hypertension (9) . AGT has been suggested as an important determinant of blood pressure and cardiac hypertrophy (10) . The roles of AGT in the pathogenesis of hypertension have been investigated by molecular genetic approaches, including transgenic animals (11), anti-sense oligodeoxynucleotides (12) , linkage analysis of the AGT gene on chromosome 1q42-43 and essential hypertension (13) .
Spontaneously hypertensive rats (SHR), have been widely used as an animal model of human primary hypertension (14, 15) . The mean arterial blood pressure of SHR is significantly increased from 16-20 weeks of age, which is associated with a series of changes in their pathogenesis and pathophysiology (16) (17) (18) . The pathological changes in SHR are similar to those in humans with primary hypertension (19, 20) . Therefore, SHR are an ideal animal model for studies on the etiology of human primary hypertension and may serve as a screening model for novel anti-hypertensive drugs (21) .
Overexpression of type 1 angiotensin II receptors (AT1R) in renal proximal tubules has been detected in young SHR (22) . To explore its role in hypertension, RNA interference (RNAi) techniques have often been used to investigate the functional consequences of AT1R silencing. However, most AT1R-knockdown studies are performed in vitro, while only a few studied have used in vivo animal models (23, 24) . In the present study, knockdown of AT1R (25) and angiotensin-converting enzyme (ACE) (26) were investigated in SHR, as AT1R and ACE are associated with the function of Nanoparticle-mediated RNA interference of angiotensinogen decreases blood pressure and improves myocardial remodeling in spontaneously hypertensive rats angiotensin II (AngII) in hypertension. Of note, AGT gene expression in SHR has rarely been studied (27) . RNAi has been widely used to selectively inhibit gene expression due to its target specificity. The specific inhibitory effect of small interfering (si)RNA on its target gene is determined by the formation of RNA-induced silencing complexes (28) . As RNAi is a useful tool for gene functional studies, it may also potentially be used in gene therapy. However, at present, gene therapy remains challenging due to lack of efficient and safe delivery systems to enable the silencing of a specific gene in the target tissue (29, 30) . To address this issue, numerous novel gene carriers have been developed, among which cationic polymers are showing promise as a safer strategy for gene delivery, owing to its several advantages, including lower immunogenicity, the ease of chemical modification and the ability to transfer larger plasmid DNA molecules (31, 32) . Currently, the cationic polymer polyethylenimine (PEI) and its biscarbamate-crosslinked derivatives (PEI-Et) (33) and galactose-polyethylene glycol-PEI-Et (GPE) (34, 35) , have been successfully used for non-viral transfection with markedly low cytotoxicity, potent transfection efficiency and high hepatocyte-targeting properties. GPE, a hepatocyte-targeting gene carrier, has the ability to condense plasmid DNA (pDNA) into nanoparticles, providing lower cytotoxicity, high transfection efficiency and preferential accumulation in the liver.
In the present study, it was hypothesized that specific RNAi with the AGT gene may have effects on long-term hypertension and may improve hypertensive cardiac hypertrophy. Therefore, effects of AGT-specific small hairpin (sh)RNA coupled to GPE carrier molecules were evaluated in SHRs.
Materials and methods
Reagents. The GPE carrier was a gift from Professor Jin Tuo of the School of Pharmacy, Jiao Tong University (Shanghai, China). PEI was purchased from Sigma-Aldrich (St. Louis, MO, USA). shRNA plasmids (UUGAUAUCCG) for the negative control (NT) and AGT gene were products of Genechem Biotechnology Co. (Shanghai, China). Plasmid purity was assessed by electrophoresis, and the concentration of pDNA was determined by spectrophotometry (DU-800; Beckman Coulter, Inc., Krefeld, Germany) with absorption at 260/280 nm. The mouse AGT immunoglobulin G (IgG) antibody (cat. no. 77; 1:1,000; overnight incubation at 4˚C) was obtained from Swant, Inc. (Belinzona, Switzerland) and the AGT and AngII ELISA Assay kits were purchased from R&D Systems Europe Ltd. (Abingdon, UK).
Const ruction of GPE-AGT-shR NA nanoparticles.
GPE-AGT-shRNA complexes were prepared by vigorous mixing of GPE solution and plasmid solution of AGT shRNA or negative shRNA at a weight ratio of 30:1. The mixture was incubated at room temperature for 1 hour. Since the GPE/DNA weight ratio is a major cytotoxic determinant of the nanoparticles, the optimal GPE/DNA weight ratio (30:1) with the lowest cytotoxicity and the highest transfection efficiency was determined in preliminary experiments. All GPE-AGT-shRNA nanoparticles were freshly prepared prior to the experiments. The nanoparticles were filtered through a 0.2-mm membrane (Millipore Corp., Billerica, MA, USA).
Experimental animals. The present study utilized sixty-one 16-week-old male SHR weighing 350±30 g and twenty-one Wistar-Kyoto rats (WKY) with similar features to those of SHR were purchased from the SLAC Laboratory Animal Co., Ltd (Shanghai, China). Rats were housed at three per cage, under a regular 12-hour diurnal light cycle, with free access to food and water during the entire study. All procedures of the animal study were approved by the local ethics committee of the School of Medicine, Shanghai Jiao-Tong University (Shanghai, China) (no. 0708253).
In vivo experiment. Sixty-three SHRs were randomly divided into three groups (n=21, each group): 1) Blank control injected with 500 µl sterile water via the tail vein; 2) negative control with i.v. injection of 500 µl of GPE/negative shRNA complex and 3) AGT-RNAi group with i.v. injection of 500 µl of GPE-AGT-shRNA. WKY were used as normotensive controls that were only treated with sterile water (500 µl) intravenously. All rats received a series of nine injections during the experiment, in which 10 consecutive days were considered a cycle. The injection was administered on the first day of each cycle. Prior to and after injection, SBP (systolic blood pressure) of the caudal artery was measured by the standard tail-cuff method. At days 0, 3, 5, 7 and 10 after injection, the expression levels of AGT mRNA and protein in tissue samples of the liver were determined by reverse transcription quantitative polymerase chain reaction (RT-qPCR) and western blot analyses. Furthermore, serum/plasma levels of AGT and AngII were measured by ELISA. Liver and kidney functions of experimental animals were also examined using the Fully Automatic Biochemical Analyzer (Beckman Coulter, Inc.). Finally, experimental rats were sacrificed by intraperitoneal injection of 50 mg/kg pentobarbital solution (Sigma-Aldrich). Specimens of heart tissue were taken for pathological examination. Ratios of HW (heart weight)/BW (body weight) and LVW (left ventricle weight)/BW were calculated.
RT-qPCR. Total RNA was extracted from tissue samples of the liver using TRIzol reagent (Invitrogen Life Technologies, Shanghai, China). Total RNA (5 µg) was reversely transcribed into cDNA in a 20-µl mixture using Moloney murine leukemia virus Reverse Transcriptase (Cell Bank of Pharmacology and Toxicology Laboratory, New Medicine and Marine Medicine Research Center of Nanjing University of Chinese Medicine, China., according to the manufacturer's instructions. RT-qPCR was performed using the MX 3000P Sequence Detection system (Stratagene, La Jolla, CA, USA) and SYBR Green PCR kit (Applied Biosystems, Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). The specific primers for specific genes were synthesized by Invitrogen Life Technologies. Primer sequences for AGT were as follows: Forward, 5'-CATCTTCCCTCGCTCTCTG-3' and reverse, 5'-GCCTCTCATCTTCCCTTGG-3' (175 bp). The housekeeping gene, β-actin, was used as an internal reference for the normalization of the target genes. β-actin primers were: Forward, 5'-CAAGGTCATCCATGACAACTTTG-3' and reverse, 5'-GTCCACCACCCTGTTGCTGTAG-3' (217 bp). The PCR protocol included a pre-denaturation at 95˚C for 10 min and 40 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C for 30 sec and extension at 72˚C for 45 sec.
Western blot analysis. 50 µg lysates of tissue samples were loaded onto 10% polyacrylamide gels and separated by SDS-PAGE (Shanghai Biological Technology Co., Ltd., Shanghai, China). The separated proteins were transferred onto nitrocellulose membranes, the membranes were blocked with 0.1% bovine serum albumin for 2 h at room temperature and then incubated overnight with mouse anti-rat AGT antibody (1:1,000) or mouse anti-rat β-actin antibody (1:5,000) at 4˚C. After washing three times (5 min each) with Tris-buffered saline (10 Mm Tris/HCl, pH 7.5 and 150 mM NaCl) containing 0.05% Tween 20 (TBS-T) (Cell Signaling Technology, Inc., Danvers, TX, USA), membranes were incubated with a sheep anti-mouse IgG antibody (cat. no. 0257; 1:1,000; Sigma-Aldrich) for 2 h at room temperature and then rinsed three times with TBS-T. Finally, blots were developed by enhanced chemiluminescence and exposed to X-ray film (Cell Signaling Technology, Inc.). Quantification of signals was performed by an image acquisition and analysis system (Odyssey v1.2 family of imaging systems; LI-COR Biosciences, Lincoln, NE, USA). Results are presented as the ratio of AGT/β-actin.
Measurement of serum levels of AGT and AngII.
Following anesthesia with an intraperitoneal injection of 1% sodium pentobarbital, blood samples were collected from the femoral vein of the rats. Plasma and cells were then separated by centrifugation for 10 min at 900 x g at room temperature. The collected plasma was stored at -80˚C prior to measurement. Serum levels of AGT and AngII were determined by using ELISA, according to the manufacturer's protocol.
Histological and ultrastructural examination. Sections of heart samples were stained with hematoxylin-eosin (Invitrogen Life Technologies) for the examination of cardiac hypertrophy (36, 37) . Myocardial ultrastructure was observed under an electron microscope (CMI20; Philips, Amsterdam, Netherlands).
Statistical analysis. All statistical analyses were performed using SPSS software (version 19.0; SPSS, Inc, Chicago, IL). Values are expressed as the mean ± standard deviation. Student's t-test (two-tailed) was applied to test the significance of the differences between two groups. P<0.05 was considered to indicate a statistically significant difference between values.
Results

Dose-dependent effect of injection of GPE-AGT-shRNA nanoparticles.
To investigate the efficacy of GPE-AGT-shRNA nanoparticles to inhibit plasma levels of AGT in vivo, different doses of GPE-AGT-shRNA (AGT-shRNA plasmids coupled to GPE carrier molecules, ranging from 10 to 35 µg) were intravenously injected into SHR via the tail vein. As shown in Fig. 1 , at day 3 after injection of GPE-AGT-shRNA, the plasma levels of angiotensinogen were significantly decreased (P<0.05) in a dose-dependent manner, as compared with pre-injection levels (day 0). Results showed a significant inhibitory effect on the plasma levels of angiotensinogen by injection of GPE-AGT-shRNA at doses of 25 A B and 35 µg, but no difference was observed between these two doses of GPE-AGT-shRNA (P<0.05). Therefore, 25 µg GPE-AGT-shRNA was selected as an optimal dose for injection in further SHR experiments.
mRNA levels of AGT in experimental rats. As shown in Fig. 2 , at days 3 and 5 after injection, hepatic mRNA levels of AGT in the GPE-AGT-shRNA group were significantly lower than those in the other SHR groups (P<0.05). However, from days 7-10 after injection, hepatic AGT mRNA expression in GPE-AGT-shRNA group gradually increased, eventually equaling the levels in the SHR control groups. However, there was no significant difference in blood pressure between the GPE-AGT-shRNA and control groups during this period.
Protein levels of AGT in experimental rats. As shown in Fig. 3A , at days 3 and 5 after injection, AGT protein levels in the liver of the GPE-AGT-shRNA group were significantly lower than those in the other SHR groups (P<0.05), but at days 7 and 10 after injection, its levels in the GPE-AGT-shRNA group were equal to those in the other SHR groups. No significant difference in AGT protein expression was found among SHR groups at days 7 and 10 after injection. Quantified results of AGT protein expression in the different SHR groups are shown in Fig. 3B .
Serum levels of AGT and AngII in experimental rats.
As shown in Fig. 4 , at days 3 and 5 after injection, serum levels of AGT (Fig. 4A) and AngII (Fig. 4B) in the GPE-AGT-shRNA group were significantly reduced, and lower than the levels in the other SHR groups (P<0.05). However, from days 5 to 10 after injection, AGT and AngII levels in the GPE-AGT-shRNA group were gradually increased, eventually equal to those in other SHR groups. No significant differences in serum AGT and AngII levels were observed within the other SHR groups and WKY control at different time points.
Effects of AGT-RNAi on blood pressure. As indicated in Fig. 5 , there was a marked decrease in tail arterial pressure in GPE-AGT-shRNA-injected rats, whereas tail arterial pressure remained stable in the blank and negative controls. However, no significant changes in BP in the WKY group were observed. The largest decrease in BP was after the 2nd injection accounting up to 53 mmHg. The anti-hypertensive effect induced by injection of AGT-shRNA nanoparticles lasted for >10 days after each injection.
Changes of HW/BW and LVW/BW in experimental rats.
As shown in Fig. 6 , the ratios of HW/BW and LVW/BW in experimental rats were compared. Among them, ratios of HW/BW and LVW/BW in the GPE-AGT-shRNA group (2.92±0.15 and 2.62±0.13 mg/g respectively) were significantly lower than those in the SHR blank controls (3.64±0.22 and 3.12±0.12 mg/g; both P<0.05) or negative controls (3.56±0.11 and 3.2±0.09 mg/g; both P<0.05), but marginally higher than those in the WKY group (2.72±0.13 and 2.48±0.21 mg/g; both P>0.05). Pathological changes of myocardial structure by microscopic examination. Pathological changes in myocardial structure in experimental rats were observed under an optical microscope. As shown in Fig. 7 , hypertrophy of cardiac muscle cells was found in the blank and negative control SHR groups, but a significant improvement of cardiac hypertrophy was observed in the GPE-AGT-shRNA group.
Pathological changes of myocardial ultrastructure.
Pathological changes of myocardial ultrastructure in experimental rats were observed under an electron microscope. Compared to the SHR control groups, integrity of the myocardial cell membrane as well as clear myofibrillar structures with tidy and defined cross striations were observed in the GPE-AGT-shRNA group. In this group, mitochondria without swelling and a small amount of local increase in myocardial interstitial collagen fibers with no obvious hyperplasia were observed, suggesting that GPE-AGT shRNA nanoparticles improved the myocardial ultrastructure in SHR.
Discussion
Hypertension is a lifelong disease, which is not only a cause of premature death and disability, but also a threat to social and economic development. It is estimated that, worldwide, the number of patients with hypertension will reach 1.5 billion in 2025, but only one-third of patients may be successfully treated (38) . Reasons for the low control rate of hypertension include the short half-life of antihypertensive drugs, as well as their short duration of action, non-specific effects and side effects. Furthermore, poor compliance of hypertensive patients often occurs in clinical practice. Therefore, a therapy with long-term effects and reduced side effects is desirable for a lifelong treatment of hypertension.
RNAi technology is a recent breakthrough in post-transcriptional gene silencing. With this novel technique, expression of specific genes in mammalian cells can be inhibited (39) (40) (41) (42) (43) (44) . The formation of RNAi depends on the enzyme Dicer, which cleaves long double-stranded RNA (dsRNA) molecules into short double-stranded fragments of ~20 nucleotides which are called siRNAs. siRNA is capable of blocking the mRNA expression of a specific gene, resulting in inhibition of subsequent protein expression, but avoiding non-specific degradation of genes and long double strand RNA-mediated cell death. Compared with technology of gene knockout, RNAi has the advantages of a short turnover time and low cost. Relative to the anti-sense nucleotide technique, RNAi has high efficiency, strong specificity and long-lasting duration. Therefore, RNAi has been widely applied in functional studies of specific genes in mammals (45) , including cancer gene therapy (46, 47) , viral infections (48-51) and monogenetic disorders (52) .
T he present study repor ted that injection of GPE-AGT-shRNA nanoparticles was able to significantly reduce the hepatic AGT mRNA expression, plasma levels of AGT and systolic blood pressure in SHR. In a control group, injection of GPE shRNA nanoparticles did not produce any similar effects. In the present study, no obvious side effects were present within 10 days following injection of nanoparticles. The intravenous injection of GPE-AGT-shRNA nanoparticles resulted in a significant decrease in blood pressure from days 1-7 after injection, as compared to the other treatments (P<0.05). The anti-hypertensive effect induced by GPE-AGT-shRNA nanoparticles lasted >10 days after a single injection. Administration of GPE-AGT-shRNA nanoparticles in SHR also had favorable effects on hypertension-induced cardiac hypertrophy. The reduction in blood pressure in SHR was ~30 mmHg; however, the blood pressure did not normalize. Therefore, it may be assumed that the downregulation of hypertension in SHR was affected not only by AGT silencing, but also by other diverse factors in vivo. In addition, the results of the present study indicated that circulating AGT also has an important role in the pathogenesis of hypertension of SHR. Furthermore, the results showed that the reduction of circulating AGT following RNAi led to a decrease in hypertension in the SHR model. These findings are consistent with a previous study on AGT-knockout mice (53) or a study using anti-sense oligodeoxynucleotides (13) . Due to the short period of time for observation of only 10 days after the injection in the present study, the accuracy of the results may have been affected. Therefore, to elucidate the exact effect of AGT on the development of hypertension and hypertrophy, further long-term studies are warranted.
In conclusion, intravenous injection with shRNA targeting the AGT gene coupled to the hepatic-specific GPE carrier decreased the plasma levels of AGT. The present study demonstrated that injection of AGT shRNA nanoparticles attenuated blood pressure, accompanied by improvement of the hypertension-induced cardiac hypertrophy in SHR. These findings suggested that RNAi may provide a potential therapeutic strategy for hypertension with cardiac hypertrophy.
